Abstract -Three nonchiral-smectic-C (NSC) liquid-crystal (LC) modes having fast-response and wideviewing characteristics applicable for next-generation LCDs are described. In the NSC LC modes, fast analog optical modulation is achieved by means of a coupling with an external electric field in a dielectrically driving scheme. The fast response results intrinsically from no interlayer interferences during molecular rotation in the layered structure of the NSC LC. Moreover, the self-formation of two domains and the in-plane variations of the optic axis produce the wide-viewing properties. A step-wise temperature annealing process is employed for a stable and well-aligned smectic layer structure in a time-efficient manner.
Introduction
A variety of techniques such as multi-domain alignment 1 and in-plane switching (IPS) mode 2 have been developed to improve the viewing characteristics of nematic liquid-crystal (NLC) displays. Except for the IPS mode, additional complex processes for alignment are often required. From the viewpoint of fast response, various modes using ferroelectric liquid crystals (FLCs), such as surface-stabilized (SS) and deformed-helix structures 3, 4 have been extensively studied to achieve the dynamic image at a video-rate in large LC displays (LCDs). For FLCs, however, it is difficult to obtain uniform alignment in large area since delicate interfacial interactions between a treated substrate and the polar nature of the FLC molecules produce zigzag defects 3 and/or stripe domains. Therefore, the electric-field treatment, which produces undesirable distortions of the smectic layers in the high-field regime, is generally required to obtain uniform alignment of the FLCs. Moreover, the SSFLC is bistable and thus no intrinsic gray scales are available unless a time-or space-averaging process is employed. A vertically aligned structure using a short-pitch FLC was proposed to obtain the defect-free alignment and the analog gray scales. 5 A twisted structure of the FLC was also suggested to obtain a fast continuous electro-optic (EO) effect for optical communication applications. 6 Since the preliminary work on the device applications of a nonchiral-smectic-C (NSC) LC, 7 several NSC LCD modes have been recently reported. [8] [9] [10] [11] Unlike the FLCs, the NSC LC requires no electric-field treatment to obtain uniform alignment of the LC molecules because it possesses no chirality and no spontaneous polarization. In the presence of an external electric field, the NSC LC molecules rotate continuously on an induced cone in the smectic-C (Sm-C) phase without interlayer interferences. The feature of no interlayer interferences in the NSC LC mode is an essential ingredient of producing a fast-response EO effect for display applications. Moreover, in the NSC LC structures, analog optical modulation is achieved by means of the dielectric coupling with an external field like in the nematic LC. The NSC LC modes fall into three different categories: (i) an in-plane NSC LC mode in a transverse electrode configuration, 8, 9 (ii) a twisted NSC LC mode in a planar electrode configuration, 10 and (iii) an antiparallel planar NSC mode produced through a stepwise temperature annealing process (STAP). 11 All the three NSC LC modes exhibit the fast response and wide-viewing characteristics in the dielectrically driving scheme. 8, 9 The planar configuration produces higher brightness than the transverse electrode configuration where the LC molecules on the in-plane electrodes remain uncontrolled. 10, 11 In the following sections, the device concepts together with operation principles of the three NSC LC modes will be described. Some concluding remarks will be made in the remaining section.
2
In-plane nonchiral-smectic-C LC mode
We first discuss the NSC LC mode in a transverse electrode configuration. 8, 9 Figure 1 shows the basic structure and the operation principles of our in-plane (IP) NSC LC mode with positive dielectric anisotropy (∆ε > 0). Consider a sample cell, containing the NSC LC with ∆ε > 0, in which the LC molecules are aligned parallel to glass substrates. The inter-digital electrodes are patterned on only one of the substrates. The smectic layers are parallel to the electrodes on the substrate and the rubbing directions make an angle of the molecular tilt in the Sm-C phase with respect to the transverse electrodes.
As shown in Fig. 1(a) , in the absence of an electric field (dark state), the molecular director in the NSC LC is placed on the plane parallel to two glass substrates and is optically similar to that in a planar nematic LC. This NSC structure in the transverse electrode configuration corresponds exactly to a homogeneously aligned nematic struc-ture except for the presence of the layer tilt. Therefore, a linearly polarized light incident along the rubbing direction is blocked completely by a crossed analyzer.
On the other hand, when an electric field is applied (bright state), the NSC LC molecules rotate on the induced Sm-C cone since the cone structure is energetically favored. The molecular director in the NSC LC with ∆ε > 0 tends to rotate toward the field direction and away from the rubbing direction, and the substrate planes as shown in Fig. 1(b) . With increasing electric field, the two directors begin to rotate oppositely on the induced Sm-C cone in two half-regions between two interdigital electrodes and finally reach ±90°o f the azimuthal angle in each half-region. This arises naturally from the curvature of the electric field in the transverse electrode configuration. In this situation, when a linearly polarized light is incident along the rubbing direction, a certain amount of the phase modulation is produced and thus optical transmission is obtained.
The transverse electrode configuration was achieved using glass substrates, on one of which interdigital electrodes were prepared. The parallel electrodes were obtained by etching a chromium layer in an alternating comb pattern and the separation between two electrodes was about 10 µm.
The alignment layer of Nylon 6 (Sigma Aldrich Chemical Company, Inc.) was coated on the inner surface of the substrate and rubbed unidirectionally to promote homogeneous alignment. The cell was assembled such that the rubbing direction on one substrate was parallel to one of the crossed polarizers and made an angle of 45°with respect to the transverse electrodes. Note that the rubbing directions on the two substrates were antiparallel to each other. The sample cell thickness was maintained using glass spacers of 2 µm.
The NSC LC material used in this work was IS-5512 with positive dielectric anisotropy (∆ε = 0.49) of E. Merck. 12 It has the following phase sequence: isotropic → (46.2°C) → nematic → (38.0°C) → Sm-C → (26.0°C) → crystal. The tilt angle of IS-5512 in the Sm-C phase is about 45°with respect to the normal direction to the smectic layers. The LC was filled in the isotropic phase and cooled down into the Sm-C phase.
We measured the electro-optic transmittance and the dynamic EO response of the IPNSC cell as a function of the voltage having a bipolar square waveform at 30 and that at 50 Hz, respectively. For the measurements, a He-Ne laser of 632.8 nm and a digitizing oscilloscope (TDS 420, Tektronix) were used. All the measurements were carried out in the Sm-C phase of IS-5512.
In Fig. 2 , analog gray scales of the IPNSC LC cell are shown as a function of the applied electric field. In a dielectrically driving scheme, the EO transmittance increases monotonically with increasing applied electric field above a certain threshold 13 of 3.8 V/µm. Here, the inset represents the dynamic EO response of the IPNSC LC cell to the FIGURE 1 -The basic structure and the operation principle of the IPNSC LC mode with a positive dielectric anisotropy (∆ε > 0): (a) in the absence of an external electric field (off-state), the IPNSC LC structure corresponds exactly to a homogeneously aligned nematic structure except for the presence of smectic layers, and (b) when an external electric field is applied (on-state), the LC molecules are rotated on the induced smectic cone through the positive dielectric coupling. applied field at 50 Hz. It should be noted that the IPNSC LC cell can be operated with a bipolar square waveform by means of the dielectric anisotropy similar to the conventional nematic LC case. In such driving scheme, the measured rise and fall times were 3.2 and 13.8 msec, respectively. This scale of two switching times is fast enough to achieve the dynamic image at a video rate. Figure 3 shows the iso-contrast map of the IPNSC LC cell with no compensation film. The vertical axis (y-axis) represents the direction of the transverse electrodes. Since the horizontal axis (x-axis) is parallel to the direction of the applied electric field, the molecular tilt appears along the vertical axis. This makes the viewing property along the yaxis somewhat narrower than that along the x-axis. No contrast inversion is seen in the range of the viewing angle (up to 70°) we measured. One interesting point is that the viewing angle property around the center of the iso-contrast map in the IPNSC LC cell is similar to that observed typically in a planar nematic cell. This is because in the low limit of the viewing angle, the distorted director pattern in the on-state of the IPNSC LC cell corresponds optically to a distorted planar nematic structure. As the viewing angle increases, the two regions of +90°and -90°for the azimuthal rotation on the smectic cone become optically distinguished. Note that the IPNSC configuration has a rather small aperture ratio in each pixel since the LC molecules on the in-plane electrodes are inactive.
3
Twisted nonchiral-Sm-C LC mode
We now describe a twisted nonchiral-Sm-C (TNSC) LC mode in a planar electrode configuration. 10 Figure 4 shows the basic structure and the operation principle of the TNSC LC mode with a negative dielectric anisotropy (∆ε < 0). As shown in Fig. 4(a) , the external twist angle between two easy axes defined on two substrates should be equal to (or similar to) twice of the molecular tilt in the Sm-C phase.
In the absence of an external electric field (off-state) as shown in Fig. 4(a) , the LC director coincides with the rubbing direction on each treated substrate. The TNSC LC molecules are continuously twisted so that the TNSC mode is optically similar to the twisted-nematic (TN) case. This is because the optical eigenmodes are linearly polarized when ∆nd > > λ, where ∆n is the birefringence and λ is the wavelength of an incident light. Linearly polarized incident light, whose polarization is parallel to the rubbing direction on one of the two substrates, is continuously rotated as in a conventional TN-LC mode. Then, the light through the LC FIGURE 3 -The iso-contrast map of the IPNSC LC cell with no compensation film. FIGURE 4 -The basic structure and the operation principle of the TNSC LC mode with a negative dielectric anisotropy (∆ε < 0): (a) in the absence of an external electric field (off-state), two LC directors coincide with the rubbing directions on two treated substrates, being twisted at an angle equal to twice the molecular tilt, and (b) when an external electric field is applied (on-state), the molecules are rotated on the induced smectic cone through the negative dielectric coupling.
layer is completely blocked by the analyzer whose polarization direction is normal to the rubbing direction on the other substrate.
When an electric field is applied (on-state), the NSC LC molecules become to rotate on the induced Sm-C cone. The LC director is aligned perpendicular to the applied electric field because of the negative dielectric anisotropy. As shown in Fig. 4(b) , in the upper half-region, the LC director rotates parallel to the rubbing direction on the top substrate. On the other hand, the director rotates parallel to the rubbing direction on the bottom substrate in the lower half-region. Such director rotation is energetically favored since the cone structure must be formed due to the restriction of the constant tilt angle for given temperature. This type of the distortions produces an inversion wall in the middle of the cell. In these circumstances, when a linearly polarized light is incident parallel to the rubbing direction on one of the two substrates, a phase modulation is produced and thus the optical transmission is obtained.
The TNSC LC cell was fabricated using two glass substrates having indium tin oxide (ITO) layers. The alignment layer of AL1051 (Japan Synthetic Rubber Co., Japan) was prepared on the inner surfaces of the substrates and rubbed unidirectionally to produce homogeneous alignment. The cell thickness was maintained using glass spacers of 10 µm thick. The cell was assembled in such way that the rubbing direction on one substrate was twisted to the other by 2θ, where θ is the tilt angle in the Sm-C state. Note that the rubbing directions on the two substrates were twisted by an angle of 45°to each other.
The NSC LC material used in this work was SCE 13R of the British Drug House. This material has a tilt angle of θ > 22°and negative dielectric anisotropy (∆ε = -0.50). The phase transition sequence is as follows: isotropic (>100.8°C) → cholesteric (>86.3°C) → Sm A (>60.8°C) → Sm C (>-20°C) → Sm I (-20°C). We measured the EO transmittance and the dynamic response of the TNSC cell as a function of the voltage having a bipolar square waveform at 30 Hz and that at 50 Hz, respectively. For the measurements, a He-Ne laser of 543 nm was used as a light source in this case.
In Fig. 5 , the analog gray-scale capability of the TNSC LC cell was shown as a function of the applied electric field E in a dielectrically driving scheme. The EO transmittance increases monotonically with the electric field above a certain threshold 13 of 0.5 V/µm. Starting at about E = 1.0 V/µm, almost a linear relationship between the EO transmittance and E is obtained. The on-state was obtained at about 3.0 V/µm. The analog EO effect in the TNSC LC structure results essentially from the continuous rotation of the LC molecules on an induced cone under an external electric field. Here, the inset represents the dynamic EO response of the TNSC LC cell to the applied field of a square waveform. The rise and fall times were measured to be 2.64 and 11.28 msec, respectively. Figure 6 shows the iso-contrast map of the TNSC LC cell with no compensation film. Since the electric-field direction is parallel to the vertical axis, whose direction is the surface normal, the molecular tilt appears along the layer normal direction and perpendicular to the surface normal. Thus, our TNSC LC cell is similar to the SSFLC mode in the on-state except for the presence of the inversion wall in the middle of the cell. As clearly seen in the iso-contrast map, the TNSC cell shows wide and symmetric viewing characteristics in any direction without using a compensation film. No contrast inversion was observed up to 70°in the range of the viewing angle.
4
Antiparallel nonchiral-Sm-C LC mode
As the last one of the NSC LC modes having fast response and wide-viewing properties, we discuss an antiparallel-pla- nar (AP) NSC LC mode with a high contrast ratio. 11 Figure  7 shows the basic structure and the operation principle of the APNSC LC mode with positive dielectric anisotropy (∆ε > 0). The LC molecules in the Sm-C phase have a constant molecular tilt angle with respect to the layer normal for fixed temperature. In the absence of an external electric field (off-state), the LC directors coincide with the rubbing directions on the two substrates as shown in Fig. 7(a) . In this case, the APNSC LC mode is optically similar to a homogeneous nematic LC case. An incident light, polarized linearly along the rubbing direction, is transmitted through the LC layer without experiencing any phase shift. Such transmitted light is completely blocked by the crossed analyzer whose polarization direction is perpendicular to the rubbing direction.
When an electric field is applied (on-state), the LC molecules are rotated on the induced Sm-C cone. The LC director tends to align parallel to the applied electric field due to the positive dielectric anisotropy and begins to rotate away from the rubbing direction as shown in Fig. 7(b) . Under these circumstances, the incident light, polarized linearly along the rubbing direction, experiences a phase modulation, and thus optical transmission is produced through the APNSC LC layer. Furthermore, due to the molecular rotation on the Sm-C cone, i.e., the existence of the in-plane component projected onto the substrate, the wide-viewing characteristics are naturally obtained.
The APNSC LC cell was fabricated using two glass substrates with the ITO layers. The inner surfaces of the two substrates were coated with polyvinyl alcohol (PVA) (Sigma Aldrich Chemical Company, Inc.). The undirectional rubbing directions on the PVA alignment layers were antiparallel to each other for homogeneous alignment. The cell thickness was maintained using glass spacers of 5 µm thick.
The NSC LC material used for the APNSC LC cell was IS-5512 (E. Merck) whose material parameters were given in Section 2. To obtain a better initial state of the LC alignment, a stepwise temperature annealing process (STAP) was employed to the APNSC LC cell. 11 This was based on the fact that the formation of smectic layers is initiated near the nematic-smectic phase transition. The STAP was carried out as follows: the sample was cooled from the isotropic phase to the smectic phase at a constant rate of 1°C/min, except for the transition temperature of 38.0°C. When the transition temperature was reached, the sample was kept at the nematic-Sm-C transition for 30 min.
We measured the EO transmittance and the dynamic EO response of the APNSC LC cell as a function of the voltage of a bipolar square waveform at 1 kHz and 50 Hz, respectively. For the measurements, a He-Ne laser of 632.8 nm was used as a light source.
The analog gray-scale capability of the APNSC LC cell is shown in Fig. 8 as a function of the applied electric field of a bipolar square waveform at 1 kHz. With increasing FIGURE 7 -The basic structure and the operation principle of the APNSC LC mode with a positive dielectric anisotropy (∆ε > 0): (a) in the absence of an external electric field (on-state), the APNSC LC structure corresponds exactly to a homogeneous nematic LC structure, and (b) when an external electric field is applied (on-state), the molecules are rotated on the induced smectic cone through the positive dielectric coupling. applied field above a certain threshold of 1 V/µm, 13 the EO transmittance increases monotonically. The inset represents the dynamic EO response of the APNSC LC cell to the applied field at 50 Hz in the dielectrically driving scheme. The rise and fall times were found to be about 5.4 and 6.3 msec, respectively. One interesting point is that the fall time is comparable to the rise time in contrast to the previous APNSC LC and TNSC LC modes. [8] [9] [10] This may be attributed to the elastic strain stored in the initially well-aligned state during the STAP. The switching time on the order of milliseconds is the fastest one among three NSC modes described above. Figure 9 shows the iso-contrast contour of the APNSC LC cell with no compensation film. Similar to the IPNSC case, the APNSC cell also shows wide and almost symmetric viewing characteristics in any direction. The contrast ratio of 10:1 was maintained beyond 60°in the range of the viewing angle studied. Due to the initially well-aligned LC alignment obtained by the STAP, the viewing properties along the vertical direction (y-axis) became somewhat wider and more symmetric than those along the horizontal direction (x-axis) which coincides with the rubbing direction.
Conclusion
We presented three types of high-speed NSC LC modes having intrinsic wide-viewing characteristics that would be useful for TV applications. Each of the three NSC LC modes has its own advantages such as better viewing characteristics, higher contrast and brightness, and easier fabrication. Moreover, the STAP was found to be very useful to obtain a stable and well-aligned smectic-layer structure which enhances the contrast ratio and the response time.
More detailed studies on the optimization of the NSC LC configurations and the required driving schemes remain to be carried out. Considering that available NSC materials are currently very limited, the development of new materials is expected to have a significant impact on developing nextgeneration LCDs.
